Using an anodic alumina membrane with an ordered nanopore array as a template, we have fabricated a two-dimensional light-emitting nanopolymer array by embedding the luminescence polymer poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-p-phenylene vinylene͔ ͑MEH-PPV͒ into the nanopores. It is revealed experimentally that the conformation of the MEH-PPV chains in the nanopores is in the form of a bunch of polymer chains. The number of the polymer chains in a bunch depends on the concentration of the polymer solution and the diameters of nanopores in the template. Investigation on the photoluminescence spectra of the nano-MEH-PPV array annealed under different temperatures shows that the nanopores can effectively hinder the relaxation of MEH-PPV, which leads to its high thermal stability.
I. INTRODUCTION
The great interest in nanostructures is related to their potential applications in various areas such as biomedical science, electronics, optics, magnetism, and electrochemistry.
1 Poly͑p-phenylene vinylene͒ ͑PPVs͒ and its derivatives have been widely investigated in electronics and photonics because of their excellent electrical and optical properties. It has been demonstrated that nanostructured PPVs are endowed with special features that can be applied to new fields. [2] [3] [4] [5] Using the chemical-vapor deposition polymerization method, Kim and Jin 2 have fabricated PPV nanotubes and nanorods that have potential applications in lightemitting diodes and all-optical switching. Tolbert and co-workers 3, 4 have found that the electrical and optical properties of poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-p-phenylene vinylene͔ ͑MEH-PPV͒ can be controlled by embedding the conjugated polymer into oriented, hexagonal nanoporous silica. They revealed that energy migration along the conjugated polymer backbone occurs more slowly than Förster energy transfer between polymer chains. Recently, Qi et al. 5 have investigated optical properties of the PPV derivatives absorbed on porous alumina membrane using the timeintegrated and time-resolved photoluminescence ͑PL͒ techniques. The blueshift of the PL spectrum from the polymeradsorbed porous alumina membrane, referenced to the PL spectrum from bulk polymer, was attributed to an isolation of the polymer chains in the nanopores, which reduces the interchain interaction. On the basis of the excitation energy dependence of the time-resolved PL data, it has also been revealed that the intrachain diffusion of electron-hole pairs in the polymer-adsorbed porous alumina membrane is very similar to that in bulk polymer. The above results suggest that the nanopores of alumina membrane can isolate the polymer chains and significantly affect the interchain interaction. This provides a possible way to tune the lightemitting wavelength of the polymers by embedding them into the nanopores with different sizes.
In the present work, we fabricated two-dimensional light-emitting nanopolymer arrays by immersing anodic alumina membranes with ordered nanopore arrays in MEH-PPV solutions. The obtained experimental results reveal that the restriction of nanopores to the polymer chains can cause significant widening of the PL band. We discuss the conformation and optical properties of the MEH-PPV chains in the nanopores in terms of the obtained PL and PL excitation ͑PLE͒ results. In addition, we also disclose that the nano-MEH-PPV arrays have high thermal stability, which is beneficial to their applications in nanoelectronics and optoelectronics.
II. SAMPLES AND EXPERIMENTS
Porous anodic alumina membranes were prepared with a two-step anodic process. 6 The surface morphology of the membranes was characterized by the help of atomic force microscope ͑AFM͒ observations ͑Nanoscope IIIa Scan Probe Microscope of Digital Instruments͒. Two typical results are presented in Figs. 1͑a͒ and 1͑b͒. It can be seen that the nanopore diameters in the two films are 20 and 50 nm, respectively. To fabricate a two-dimensional light-emitting polymer a͒ Author to whom correspondence should be addressed; electronic mail: hkxlwu@nju.edu.cn array, the alumina membrane with a pore diameter of 50 nm was immersed into a MEH-PPV tetrahydrofuran ͑THF͒ solution with a concentration of 0.1 mg/ mL and then taken out after 48 h and washed with THF to remove the MEH-PPV chains which were not embedded into the nanopores. A nano-MEH-PPV array ͑sample A͒ is thus formed after the solvent completely volatilizes. Samples B was obtained via the same method as sample A except for the use of a MEH-PPV solution with a concentration of 2 mg/ mL. Sample C was prepared by immersing the alumina membrane with a pore diameter of 20 nm into the MEH-PPV solution with a concentration of 2 mg/ mL. To study thermal stability of the nano-MEH-PPV arrays, the nano-MEH-PPV arrays were annealed in N 2 at 50, 75, and 100°C for 2 h, respectively. In our experiments, PL and PLE spectral measurements were carried out on a FluoroMax-2 fluorescence spectrophotometer. Absorption spectra were taken on a Shimadzu UV-3100 spectrophotometer. All the measurements were performed at room temperature. Figure 2͑a͒ shows the PL spectrum of sample A, taken under excitation with the 450 nm line of a Xe lamp. The background signal from the alumina template has been removed. It can be seen that sample A exhibits a broad asymmetrical PL band peaked at 565 nm. This band can be Gaussian divided into three subbands peaked at 552, 590, and 634 nm, respectively. These peak positions are close to those of the decomposed PL subbands from the dilute MEH-PPV solution adopted to prepare sample A ͓see Fig. 2͑b͔͒ . However, we can see that the PL subband linewidths of sample A are broader than those of the dilute solution. Previously, it has been identified that the MEH-PPV chains in a dilute solution exist in the form of separated states and their photoexcitation process is connected with optical transitions of intrachain excitons. For the MEH-PPV chains in the nanopores, it has also been found that the distances between the chains are rather large. 5 Therefore, there is little possibility of interchain interactions for the polymer in sample A. According to these results above, we can infer that the MEH-PPV chains in sample A are also in separated states. Shown in Fig. 3͑a͒ are the PLE ͑the solid line͒ and absorption ͑the dotted line͒ spectra of sample A. One can see that the PLE spectrum is identical to the absorption one except for a difference in the short-wavelength side caused by absorption of the alumina membrane itself. Similar result also occurs for the dilute MEH-PPV solution, as shown in Fig. 3͑b͒ . Identical shapes of the PLE and absorption spectra imply that no aggregation has taken place for the polymer chains embedded in the nanopores. This further indicates that the MEH-PPV chains in sample A are in the separated states.
III. RESULTS AND DISCUSSIONS
Comparing Fig. 3͑a͒ with Fig. 3͑b͒ , another difference can be found that the PLE and absorption spectra of sample A are broader than those of the dilute MEH-PPV solution.
We have previously known that the absorption spectrum of the conjugated polymer is an inhomogeneous superposition of the absorption from all the segments with different conjugation lengths ͑corresponding to different energy gaps͒. A broad absorption spectrum reflects a wide distribution of the conjugation segment lengths. As the alumina membrane is immersed in the MEH-PPV solution, the conjugated polymer chains move into the nanopores by diffusion mechanism. Since aromatic molecules can adsorb aluminum ions through Lewis acid/base interaction and the interaction with hydroxyl groups at the alumina surface, 5,7 the MEH-PPV chains containing aromatic rings can interact with aluminum centers and hydroxyl groups on the pore walls. When some of aromatic rings in the MEH-PPV chains absorb on the nanopore walls, torsion and distortion of the conjugated polymer chains will take place, which leads to a widening of the conjugation segments in length distribution. This is accompanied with a widening of the energy bands of the MEH-PPV chains in the nanopores. Therefore, The PL, PLE, and absorption bands of the MEH-PPV in sample A are broader than those of the MEH-PPV in the diluted solution. From  Fig. 3 , we can further notice that the PLE and absorption peaks of sample A both display slightly blueshift compared to those of the dilute solution. This can be explained to be due to a decrease of the average length of the conjugation segments for the polymer in the nanopores, which leads to an increase of the mean energy of excited states. Here we would like to further account for the PL spectral feature shown in Fig. 2 . As discussed above, the length distribution of the conjugation segments is inhomogeneous in sample A. Frolov et al. 8 have disclosed that an inhomogeneous broadening can open an additional energy-transfer avenue for the excited states in some conjugated polymers, that is, excitons can rapidly migrate to longer conjugation segments with lower excitation energies. Hence, the observed PL mainly originates from the radiative recombination of excitons in the long conjugation segments. Since the size ͑50 nm͒ of the nanopores in sample A is far larger than the diameter ͑Ͻ1 nm͒ of the MEH-PPV chains, some of the long conjugation segments in the dilute solution are still preserved in sample A. This leads to the PL peak positions of sample A to be consistent with those of the dilute solution. Figure 4 shows the PL and PLE spectra of samples A ͑the solid lines͒ and B ͑the dashed lines͒. It can be seen that the PL peak of sample B shows a redshift compared to that of sample A. In addition, it can be found that the linewidths of the two PL bands are almost same, but those of the PLE bands are different. The PLE band of sample B is broader than that of sample A. This indicates that the concentration of the polymer solution has a large impact on optical properties of the nano-MEH-PPV arrays. As the alumina membrane is immersed into the MEH-PPV solution, the conjugated polymer chains move into the nanopores by diffusion mechanism. After the solvent completely volatilizes, the conjugated polymer exists in the form of a bunch of chains in every nanopore. In the case with a high MEH-PPV concentration, more MEH-PPV chains move into the nanopores through diffusion. Due to interchain interaction, the number of the energy levels increases and their distribution widens. Thus, the PLE spectrum of sample B has wider linewidth than that of sample A. At the same time, the widening of the energy-level distribution causes significant redshift of the energy levels of some low excited states. According to the work by Frolov et al., 8 inhomogeneous broadening of energy levels makes excitons rapidly migrate to some low excited energy levels to radiatively recombine. This leads to a redshift of the PL spectrum, as observed in our experiments.
To seek more arguments for the confinement of nanopores on the MEH-PPV chains, we use the alumina templates with different nanopore diameters to prepare the nano-MEH-PPV arrays. Figure 5 shows the PL and PLE spectra of samples B ͑the dashed lines͒ and C ͑the solid lines͒ with nanopore diameters of 50 and 20 nm, respectively. The PL peak position of sample C is at 563 nm, having an obvious blueshift relative to that of sample B ͑580 nm͒. The PLE band of sample C is narrower than that of sample B. These results are well consistent with those shown in Fig. 4 , indicating that the influence of nanopore diameter on the lightemitting property of the nano-MEH-PPV array is similar to that of the solution concentration.
Previously, it has been revealed that thermal annealing can change optical and electrical properties of the conjugated polymers. 9, 10 It was found that after thermal annealing, the thickness of a MEH-PPV film can be reduced by 10%, 10 which leads to an enhancement of interchain interaction. As a result, the linewidth of the PLE band of the conjugated polymer increases; correspondingly, its PL peak displays a redshift. To check the influence of thermal annealing on the optical properties of the polymer in the nanopores, we treated the nano-MEH-PPV arrays at different annealing temperatures. The PL spectra of the nano-MEH-PPV arrays ͑from sample B͒ annealed in N 2 at different temperatures for 2 h are shown in Fig. 6 . Since we found that the PL intensities and shapes of the annealed samples only have slight changes with annealing temperature, we have plotted the PL spectra to have different intensities in order to make a clear comparison in PL peak position. It can be seen that the PL peak positions of the annealed nano-MEH-PPV arrays do not shift with increasing annealing temperature. This is inconsistent with the case in the annealed MEH-PPV film. In our samples, there possibly exist several types of interactions between the conjugated polymer and the nanopore walls, such as Lewis acid/base interaction and hydrogen-bondingtype interaction. 5, 7 These interactions, together with the confinement effect of nanopores, may hinder the relaxation of the polymer. As a result, the conformation of the MEH-PPV remains unchanged during annealing treatment. This inference can be verified by examining the corresponding PLE spectra of the nano-MEH-PPV arrays with different annealing temperatures ͑see the inset of Fig. 6͒ . We can see that the normalized PLE spectra of the nano-MEH-PPV arrays before and after annealing are the same ͑the dotted and solid lines͒. This indicates that the nano-MEH-PPV array is of high thermal stability, which will be useful in future nanooptoelectronics.
IV. CONCLUSIONS
We have fabricated the light-emitting nano-MEH-PPV arrays by embedding MEH-PPV into the nanopores of porous alumina templates. It is revealed experimentally that the conformation of MEH-PPV in the nanopores is in the form a bunch of polymer chains. The number of the polymer chains in a bunch depends on the concentration of the polymer solution and the diameter of nanopores. By investigating the PL spectra of the nano-MEH-PPV arrays annealed at different temperatures, we further disclose that the interactions between the conjugated polymers and the nanopore walls, together with the confinement effect of nanopores on the polymer chains, can hinder the relaxation of MEH-PPV and thus make the nano-MEH-PPV array be of high thermal stability. 
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